Lipid homeostasis is essential for the maintenance of life. We previously reported that disruptions of the parasite Na + homeostasis via inhibition of PfATP4 resulted in elevated cholesterol within the parasite plasma membrane as assessed by saponin sensitivity. A large number of compounds have been shown to target the parasite Na + homeostasis. We therefore screened the same collection of 800 compounds to identify chemotypes that disrupted the parasite plasma membrane lipid homeostasis. Here, we show that the compounds disrupting parasite Na + homeostasis also induced saponin sensitivity, an indication of parasite lipid homeostasis disruption. Remarkably, 13 compounds were identified that altered plasma membrane lipid composition independent of Na + homeostasis disruption. Further studies suggest that these compounds target the Plasmodium falciparum Niemann-Pick Type C1-Related (PfNCR1) protein, which is hypothesized to be involved in maintaining plasma membrane lipid composition. PfNCR1, like PfATP4, appears to be targeted by multiple chemotypes with potential for drug discovery.
Introduction
Malaria is a major heath burden on developing countries with billions of people at risk of contracting the disease. The World Health Organization (WHO) estimated that 148-304 million cases of malaria cases occurred in 2015, with 235,000-639,000 deaths resulting from the disease 1 . The rise in resistance to frontline therapies highlights the need for the identification of novel targets and therapeutics [2] [3] . Recent investigations have led to the identification of three chemically distinct series of compounds (pyrazoleamides 4 , spiroindolones 5 and dihydroisoquinolones (DHIQ) 6 ) that inhibit the parasite's Na + /H + antiporter PfATP4 resulting in the rapid influx of Na + and simultaneous alkalinization of the cytoplasm 7 .
Saponin has been long used for permeabilizing cholesterol-rich mammalian cells, including erythrocytes 8 . During intraerythrocytic development of the parasite, the parasite plasma membrane (PPM) contains very low levels of cholesterol [9] [10] , rendering the parasites resistant to permeabilization by the cholesterol-dependent detergent, saponin. This differential cholesterol content between host and parasites plasma membranes has been exploited to isolate malaria parasites from their host red blood cells (RBCs). We previously reported that Na + influx either via PfATP4 inhibition or a Na + ionophore led to rapid alterations in the lipid composition of the parasite plasma membrane (PPM) and acquisition of cholesterol, as judged by saponin sensitivity 11 . This effect was reversible, suggesting an active process involved in maintenance of low cholesterol levels in the PPM 11 .
We also found that inhibition of a PPM protein we termed Plasmodium falciparum Niemann-Pick Type C1-Related Protein (PfNCR1) [12] [13] , caused a rapid alterations to PPM lipid composition 13 . However, this alteration of cholesterol distribution through the inhibition of PfNCR1 was achieved without disrupting the Na + homeostasis of the parasite 13 . These results suggest two different targets in the PPM. Inhibition of either leads to rapid changes in lipid composition of the PPM as revealed by reversible acquisition of saponin-sensitivity, one dependent (PfATP4) on and the other independent (PfNCR1) of Na + influx into the parasite.
The Medicine for Malaria Venture (MMV) has made available a collection of compounds to aid drug discovery. The first collection named the Malaria Box consisted of compounds representing a diverse chemical series that were identified from phenotypic screens against P. falciparum 14 . The success of the Malaria Box was followed by the release of a second collection called the Pathogen Box. The Pathogen Box consists of drug like compounds that were active against a variety of pathogens (http://www.pathogenbox.org/) including P. falciparum. Both collections of compounds have been screened by the Kirk group for their ability to target the Na + homeostasis of the parasite [15] [16] . These studies revealed that widely diverse chemical classes possessed the ability to disrupt the parasite Na + homeostasis [15] [16] . A chemogenetic screen of the Malaria Box revealed multiple druggable targets in the P. falciparum genome 12 .
We have devised an assay for rapid determination of lipid composition alterations of the PPM and have applied it to screen both the Malaria and Pathogen Boxes. This screen showed that compounds inhibiting PfATP4 also induced lipid composition changes within the PPM. In addition, the screen also identified compounds that appear to act by inhibition of PfNCR1, thus providing hits for future exploration of chemotypes targeting another PPM resident protein.
Results

Establishing a high-throughput assay
In our previous study, saponin mediated PPM permeabilization was assessed by monitoring the loss of cytosolic aldolase in western blots probed with anti-aldolase antibody 11 . This method limited the rate at which large number of compounds could be processed. Thus, we employed parasites that stably express yeast dihydroorotate dehydrogenase (yDHODH) fused to green fluorescent protein (GFP) in the cytosol [17] [18] . A spectrofluorometer was used to record GFP emissions from these parasites to represent the cytoplasmic content of the parasites.
Because different batches of saponin have varying concentrations of sapogenin, the component responsible for cholesterol-dependent permeabilization, we standardized the concentration of saponin used for the screen. Parasites were treated for 2 h with either vehicle (DMSO) or the pyrazoleamide PA21A092. Treated parasites were subsequently exposed to incremental concentrations of saponin to establish the concentration that displayed differential saponin sensitivity. Saponin exposure was conducted in Albumax-free RPMI to avoid cholesterol from Albumax confounding saponin sensitivity. Based on this the saponin concentration of 0.08% w/v was used for the remainder of the assays ( Figure 1A ). We further validated the assay by using other compounds known to induce saponin sensitivity. We assessed the dose dependency for the pyrazoleamide PA21A050, spiroindolone KAE609 and the Na + ionophore Maduramicin. Similar to previous results 11 , we observed a dose-dependent loss of GFP in drug-treated parasites due to saponin induced permeabilization ( Figure 1B ). Effective concentrations for 50% loss of cytosolic GFP (EC 50 ) for PA21A050 and KAE609 were similar to the EC 50 values observed for parasite growth inhibition [4] [5] .
Screening for inhibitors of parasite cholesterol homeostasis 6
The screen was designed to identify rapid disruptors of PPM lipid homeostasis by assessing saponin sensitivity after a 2 h treatment. All compounds were diluted from stock concentration of 10mM to 100µM in DMSO. The compounds were used at a final concentration of 1µM thereby ensuring 1% DMSO in all wells. Synchronized trophozoite stage parasites were plated at 5% hematocrit in 96 well plates and treated for 2 h with 1µM of each compounds.
Parasites were subsequently exposed to 0.08% w/v saponin in Albumax-free RPMI1640 and collected by centrifugation. The saponin treated parasite pellets were then lysed in radioimmunoprecipitation assay (RIPA) buffer to release parasite proteins. A spectrofluorometer was used to record GFP emissions at 510nM with an exciting wavelength of 488nm ( Figure 2 ).
The screen of the Malaria Box identified 22 compounds that showed a significant reduction in GFP content as a measure of saponin sensitivity compared to parasites treated with the combination of 100nM Atovoquone (Atv) and 1µM Proguanil (Pro) ( Figure 3A ; Table 1 ).
The combination Atv/Pro was used as it has been previously reported to be lethal to parasites expressing yDHODH 17 , but demonstrate no saponin sensitivity . Using the same parameters, the Pathogen Box compounds were also screened, leading to identification of an additional 19 compounds that induced saponin sensitivity after a 2 h exposure to 1µM of the compounds ( Figure 3B ; Table 2 ). The Malaria Box 15 and Pathogen Box 16 have been screened previously by the Kirk laboratory for compounds that disrupt Na + homeostasis in P. falciparum. These screens identified 16 compounds from the Malaria Box and 12 compounds from the Pathogen Box as causing Na + influx into parasites when used at 1 µM concentrations. We compared the compounds identified in our screen for saponin sensitivity induction with the Na + influx induction data from the Kirk laboratory. Based on this comparison, we found compounds that induced both Na + influx and saponin sensitivity ( Table 1, Table 2 ). We found 16/28 compounds 7 from the Malaria Box and 10/11 compounds from the Pathogen Box that were identified in the Na + influx screen and displayed significantly saponin sensitivity. These results support the hypothesis that Na + homeostasis disruption leads to altered lipid homeostasis of the PPM.
Examination of the list of compounds identified by the Kirk laboratory as Na + influx active revealed 15 compounds that induced saponin sensitivity independent of Na + influx ( Table 1 , Table 2 ). These compounds appeared to target a previously unexplored pathway that maintained the plasma membrane lipid homeostasis.
Growth inhibition by Na + influx independent compounds
The PfATP4 inhibitors such as pyrazoleamide and spiroindolones primarily cause parasite death by disrupting the Na + homeostasis of the parasite 7, 11 . The influx of Na + into the parasite cytoplasm is followed by the altered lipid homeostasis of the parasite plasma membrane 11 . We observed that the 50% inhibitory concentration of saponin sensitivity for the pyrazoleamides and spiroindolones was similar to their reported growth inhibitory EC 50 ( Figure   1B ) [4] [5] . Since the Na + influx-independent compounds targeted an unknown pathway, we evaluated those compounds for their ability to inhibit parasite growth and induce saponin sensitivity. We observed that the majority of compounds required micro-molar concentration in order to inhibit parasite growth, with the exception of MMV007113, MMV009108 and MMV688179 ( Table 3 ; Column (+) PfNCR1). However, these compounds induced saponin sensitivity at 3-10 fold lower drug concentration, with the exception of MMV007907, MMV676057, MMV688179 and MMV687813 (Table 3 ). However, these 4 compounds did show heightened saponin sensitivity when the duration of treatment was increased to 4 h (Table   3 ). MMV007654, MMV019662 and MMV665908 were the most potent at disrupting plasma 8 membrane lipid homeostasis and required 10-fold lower concentration for this effect compared to their growth inhibitory concentrations (Table 3 ), suggesting parasites can survive in vitro with abnormal distribution of PPM lipids. These results imply that the compounds identified in our screen primarily target the lipid homeostasis of the parasite.
Several distinct chemotypes target PfNCR1
Recently, a chemogenetic screen of the Malaria Box compounds found that resistance towards MMV009108 and MMV019662 required mutations in the gene PF3D7_0107500, now called Plasmodium falciparum Niemann-Pick Type C1-Related Protein (PfNCR1) [12] [13] .
MMV009108 was able to reversibly induce saponin sensitivity without disrupting parasite Na + homeostasis 13 . Furthermore, we showed that MMV009108 and MMV019662 caused parasite death via the inhibition of PfNCR1 13 . Since these compounds were also identified in our current screen, we reasoned that the other candidates in our screen might also target PfNCR1. In order to test the specificity of the compounds towards PfNCR1 we employed a parasite line wherein expression of PfNCR1 was conditionally regulated. We utilized the TetR-DOZI-aptamer system in which expression of the targeted gene is dependent on anhydrotetracycline (aTc) 19 . The withdrawal of aTc resulted in the efficient knockdown of PfNCR1 13 . Knock down parasites take several intraerythrocytic cycles to die, probably because some residual PfNCR1 protein allows them to survive for a limited time 13 . We rationalized that parasites with PfNCR1 knocked-down should become hypersensitive towards compounds that target PfNCR1. We were able to show PfNCR1 knockdown parasites ((-) PfNCR1) became hypersensitive to the majority of compounds identified as Na + independent inducers of saponin sensitivity ((+) PfNCR1 vs. (-) PfNCR1; Table 3 ). However, we also observed MMV007113 and MMV688179 did not appear 9 to target PfNCR1. These compounds may target yet another component in the cholesterol maintenance pathway and therefore result in saponin sensitivity. In addition to MMV009108 and MMV019962, which were already shown to target PfNCR1, we have identified 5 new chemotypes that inhibit PfNCR1 resulting in the disruption of PPM lipid composition.
Discussion
The Malaria and Pathogen Boxes were envisioned to further drug discovery and development by providing samples of chemically diverse compounds 20 . In this study we have described a method to screen for compounds that target PPM lipid homeostasis. In accordance with our previous hypothesis 11 the Na + influx (as determined by the Kirk group) correlated with saponin sensitivity for the majority of compounds. However, there were a few that did not correlate. We hypothesize that this discrepancy may be due to the differences in how the two screens were performed. The Na + influx measurements were performed on saponin isolated parasites 7, 15-16 , whereas saponin sensitivity assays were done with intact parasite infected RBCs.
Saponin isolation leaves the host RBCs in a highly permeabilized state, devoid of hemoglobin and other soluble cytoplasmic proteins. This would allow the compounds direct access to the parasite plasma membrane. In contrast, the saponin sensitivity screen was performed on parasites that reside within an intact host cell. The presence of an intact RBC plasma membrane and cytoplasm could act as an impediment to some of the compounds resulting in the discrepancy we observed. This could also explain why Na + influx occurred within seconds of treatment with compounds while saponin sensitivity was observed 30-45 min after treatment 4, 7, 11 .
We identified 15 compounds that disrupted parasite lipid homeostasis without affecting the Na + homeostasis of the parasite. We evaluated 11 of these compounds and found that their in-vitro growth inhibitory concentrations were >1µM. 7 of these compounds were extremely potent at inducing saponin sensitivity and appear to inhibit the function of PfNCR1. Since we observed that 4 h treatment with MMV007907, MMV676057, MMV688179 and MMV687813 resulted in a higher level of saponin sensitivity, there is a possibility that a longer duration of treatment may yield additional candidates from this screen.
Interestingly, we observed that MMV007113 and MMV676057 did not show any specificity towards PfNCR1, as assessed under PfNCR1 knockdown conditions. In mammals, cholesterol trafficking within the late endosome requires two indispensible proteins, NPC1 and NPC2 [21] [22] . NPC2 is thought to bind cholesterol released from lipoproteins within the endosome 23 . NPC2 then transfers the cholesterol to the membrane bound NPC1, which transports the cholesterol out of the endosome 23 . PfNCR1 could potentially function in a similar manner wherein one or several proteins participate in its function. PfNCR1 was localized to the plasma membrane of the parasite and could function as the sterol transporter in the membrane. Thus, MMV007113 and MMV676057 could potentially target a partner protein of PfNCR1 thereby resulting in saponin sensitivity independent of both PfNCR1 and PfATP4 inhibition.
The PfATP4 inhibitors like pyrazoleamide, spiroindolone and dihydroisoquinoline showed faster in vivo clearance compared to their in vitro killing rates 4, 6, 24 . We have proposed that the incorporation of cholesterol into the parasite plasma membrane due to Na + influx would lead to increased PPM rigidity 11, 25 . The increased plasma membrane rigidity could result in restricted flow of infected RBCs through the host microvasculature and cause the parasites to be damaged under the extreme stress experienced in circulation 26 . Cholesterol possibly enters the plasma membrane as the parasite ingests host hemoglobin. The uptake of hemoglobin by the parasite would lead to close proximity of the plasma membrane and the cholesterol-rich parasitophorous vacuolar membrane 10 . A surveillance pathway would be needed ensure that the cholesterol does not traverse into the plasma membrane. Alternatively, this pathway may remove any cholesterol that diffuses into the plasma membrane. PfNCR1 has been implicated as the lipid transporter responsible for maintaining the plasma membrane lipid homeostasis 13 . PfNCR1 may also serve to maintain sphingomyelin levels in the PPM similar to the function of T. gondii NCR1 in the inner membrane complex of Toxoplasma 27 . Recently, both P. falciparum and P.
berghei NCR1 deletions were shown to be lethal to the parasite 13, 28 . This highlights the need for parasites to maintain appropriate cholesterol/lipid composition within the plasma membrane.
PfNCR1inhibitors that were identified in our screen presented as relatively low potency antimalarials in vitro. Nevertheless, these compounds were more potent at disrupting the lipid homeostasis of the parasite. We propose that compounds that disrupt parasite plasma membrane lipid homeostasis could serve as candidate antimalarials that clear parasites more efficiently in vivo. Our results indicate that PfNCR1 is inhibited by diverse chemotypes and may serve as the foundation for target based drug discovery.
Material and Methods
Cell Culture P. falciparum NF54 yDHODH-GFP parasites were cultured in O + human blood (Interstate Blood Bank, TN) in RPMI1640 supplemented with 15mM HEPES, 2g/L sodium bicarbonate, 10mg/L hypoxanthine, 50mg/L gentamicin sulfate, 0.5% Albumax II. Parasites were maintained at 5% hematocrit at 37°C in 90% N 2 , 5% CO 2 , 5% O 2 . All cultures were periodically tested to ensure they were free from mycoplasma contamination.
Malaria Box and Pathogen Box
The Malaria Box and Pathogen Box were provided by Medicine for Malaria Venture (MMV) (Geneva, Switzerland). The compounds were provided at 10mM concentration in DMSO and were diluted into identical 96 well plates at 100µM in DMSO. The compound structures were available through ChEMBL (https://www.ebi.ac.uk/chembl/malaria/).
Screening compounds and saponin treatment of parasites
Alanine synchronized trophozoite stage NF54 yDHODH-GFP parasites were plated in flat bottomed 96 well plates at 5% hematocrit. The compounds were added to a final concentration of 1µm ensuring 1%DMSO in all wells. DMSO was added to vehicle treated parasites at 1% v/v. The 96-well plates were placed at 37°C for 2 h in 90% N 2 , 5% CO 2 , 5% O 2 .
The parasites were transferred from flat-bottomed culture plates to V-bottomed plates (NUNC) for saponin treatment and isolation. The parasite cultures were pelleted in V-bottomed plates (500g, 5 min) and parasite isolation was performed resuspending the parasite to 5% hematocrit in Albumax free RPMI. Saponin was added to the wells to a final concentration of 0.08% saponin w/v in Albumax-free RPMI and vigorously agitated by pipetting. An additional well with DMSO treated parasites was treated with 0.1% Triton X-100 to serve as an auto-fluorescence correction control. Isolated parasites were collected by centrifugation at 500g for 5 min and washed twice (500g, 5 min) with RPMI supplemented with Albumax to quench any remaining saponin. The parasites were lysed in radioimmunoprecipitation assay (RIPA) buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) with protease inhibitor cocktail (Sigma-Aldrich). The lysates were transferred into flat-bottomed opaque 96well plates (NUNC) and placed at 4°C for 30 min. Plates were centrifuged (500g, 15 min) to remove cell debris and plates were placed in a spectrofluorometer (Hitachi F-7000) to record GFP emissions (Ex:488nm; Em:510nm). The arbitrary fluorescent units were converted to % GFP remaining after auto-fluorescence correction using Microsoft Excel and plotted using Prism (Graphpad). Significant reduction in GFP content was assessed against 100nM Atv/1µM Pro treated parasites using a multiple t test (p < 0.05).
Saponin sensitivity assays
To assess the saponin concentration used, synchronized trophozoite stage NF54 yDHODH-GFP parasites were incubated for 2 h with either DMSO or 100nM pyrazoleamide PA21A092 at 37°C in 90% N 2 , 5% CO 2 , 5% O 2 . Treated parasites were collected (500g, 5 min) and resuspended to 10% hematocrit in Albumax-free RPMI1640. Equal volumes of 2%, 0.66%, 0.11%, 0.074% and 0.024% saponin w/v were added to the resuspended parasites thereby making the final concentrations of saponin as 1%, 0.33%, 0.11%, 0.037% and 0.012% w/v. Saponin solutions were prepared as 3-fold serial dilution in Albumax-free RPMI1640 and maintained at 37ºC. Parasites were agitated by repeated inversion for 10-15s, followed by centrifugation (500g, 5 min) Saponin treated parasites were washed twice with RPMI1640 w/ Albumax (500g, 5 min). Parasites were subsequently lysed in RIPA buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) with protease inhibitors (Sigma-Aldrich). Lysed parasites were placed on ice for 30 min with intermittent agitation followed by centrifugation (14000g, 15 mins). The supernatant was transferred to 96well opaque plates (NUNC) and read in a Hitachi F-7000 fluorescence spectrophotometer (Ex: 488nm; Em: 510nm).
14 To determine saponin sensitivity IC 50 , synchronized trophozoite stage NF54 yDHODH-GFP parasites were incubated with the compounds at indicated concentrations for 2 h at 37°C in 90% N 2 , 5% CO 2 , 5% O 2 . The parasites were collected (500g, 5 min) and resuspended to 10% hematocrit in Albumax-free RPMI1640. Equal volumes of 0.16% w/v saponin prepared in Albumax-free RPMI (at 37ºC) was added to the resuspended parasites resulting in a final saponin concentration of 0.08% saponin w/v. Parasites were agitated by repeated inversion for 10-15s, followed by centrifugation (500g, 5 min). Isolated parasites were washed in RPMI1640 supplemented with Albumax (500g, 5 min). Isolated parasites were lysed in RIPA buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) with protease inhibitors (Calbiochem). Parasites were placed on ice for 30 min with intermittent agitation followed by centrifugation (14000g, 15 mins). The supernatant was transferred to 96well opaque plates (NUNC) and read in a Hitachi F-7000 fluorescence spectrophotometer (Ex: 488nm; Em: 510nm).
PfNCR1 knockdown parasites
PfNCR1 knockdown parasites were generated as described by Istvan E, et. al. 13 . Briefly, a right homologous region (bp3671 -bp4893) and a left homologous region (a 948bp fragment starting 38bp past the stop codon) were amplified by PCR from gDNA and cloned into the vector pMG75. The gRNA Cas9 guide sequence (5'-TTAATGTAGTGGGCCAAAAC-3') was cloned into the vector pyAIO. The guide and the homologous integration vectors were co-transfected and selected with 5g/ml Blasticidin S. Parasites were cloned by limited dilution.
Growth inhibition assay and PfNCR1 knockdown
PfNCR1 knockdown was performed by the withdrawing anhydrotetracycline (aTc).
Synchronized trophozoite stage parasites were collected by centrifugation (500g, 5 min).
Parasites were then resuspended to a final 20-25% hematocrit. Infected RBCs were separated from uninfected RBCs by layering onto top of 70%/35% Percoll cushion and centrifugation (500g, 20 min). Infected RBCs were collected at the 70%-35% Percoll interface and washed 3x with RPMI1640 (500g, 10 min). Parasites were then equally divided into culture flasks containing RBCs at 5% hematocrit in culture media with or without aTc. Parasites were placed at 37°C in 90% N 2 , 5% CO 2 , 5% O 2 for 48 h and subsequently collected for assays.
Parasite growth inhibition was assessed using a modified version of previously described methods 29 . Briefly, parasite growth inhibition was assessed by the incorporation of 3 Hhypoxanthine. Synchronized parasites were diluted to 1% parasitemia at 3% hematocrit and treated at varying compound concentrations for 48 h. 3 
